Introduction
The use of crossed molecule beam (CMB) and polarized laser techniques has allowed the precisely measurements of the vector correlations in atom and diatomic molecule collision reactions. There are a variety of experimental studies aiming at exploring the vector correlations underlying a collision reaction. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] To name a few are those of Zare and coworkers, [1] [2] [3] those of Herschbach and co-workers [4] [5] , those of , as well as those of . These experimental investigations impelled the development of theoretical methods to simulate the measured profiles and to explore the unmeasured ones. Generally, theoretical explorations on vector correlations of collision reactions fall into two categories: one is the reagent k-j, j-k-k' vector correlations, and the other is the product k-j', k-k'-j' vector correlations. Where k/k' and j/j' denotes the relative velocity of reagent/product and reagent/product rotational angular momentum in the centre of mass (CM) frame. As reported in many previous papers, both of the quantum scattering and the quasi-classical trajectory (QCT) calculations can be used to investigate the vector correlations. In this chapter, we report the product k-j', k-k'-j' vector correlations of the N( 2 D) + H 2 (v, j) → NH(v', j') + H collision reactions with the QCT method. The N( 2 D) + H 2 → NH + H collision reaction plays an important role in the chemistry of nitrogen containing fuels and of nitrogen in the atmosphere [16] . It has attracted many investigations from not only experimental viewpoints [17] [18] [19] [20] [21] [22] [23] [24] [25] , but also theoretical viewpoints [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Experimentally, Suzuki et al. [17] measured the rate constants for this reaction by employing a pulse radiolysis-resonance absorption technique at temperatures between 213 and 300 K. They found that the temperature dependence of the rate constants exhibits an Arrhenius behavior. measured the vibrational and rotational state distributions of the nascent NH and ND molecules formed in the N( 2 D) + H 2 and N( 2 D) + D 2 reactions. In their experiments, the N( 2 D) atoms were generated by two-photon dissociation of NO, while the nascent NH and ND molecules were detected by laser-induced fluorescence (LIF) technique. They found that the nascent vibrational distributions have NH(v=1)/NH(v=0) = 0.8±0.1 and ND(v=1)/ND(v=0) = 1.0±0.1, and that the rotational populations of these vibrational states are broad and hot. More recently, carried out a series of experimental and theoretical studies on the N( 2 D) + H 2 and N( 2 D) + D 2 reactions. They have measured the angular and velocity distributions of the nascent NH and ND products in the title reactions under CMB experiments with mass spectrometric detection technique.
Theoretically, Honvault and Launay [26] carried out the first accurate quantum mechanics (QM) calculations of the N( 2 D) + H 2 reaction on the Pederson et al. PES [27] with the hyperspherical method. They calculated the vibrationally and rotationally state resolved integral cross sections at collision energies of 1.6, 2.5, and 3.8 kcal/mol. A forward-backward symmetry was also found in their differential cross sections (DCS) calculations, which indicates that a complex of NH 2 is formed in the reaction. In a recent work, Ho et al. [28] improved and refined the Pederson et al. PES [27] , and developed a more accurate adiabatic ground 1 2 A PES. The new PES is fitted by a set of 2715 ab initio points resulting from the multireference configuration interaction (MRCI) calculations and a better algorithm. Moreover, the new PES is free of spurious small scale features and is in much better agreement with the ab initio calculations, especially in key stationary point regions including the C 2v minimum, the C 2v transition state, and the N-H-H linear barrier. Employing this new PES, both QM [29] [30] [31] [32] and QCT [28, [31] [32] [33] calculations have been performed for the title reactions. Most of previous studies focused on the calculations of the reaction probabilities, integral cross sections and thermal rate constants. Very few investigations paid attention to the vector properties calculations for the N( 2 D) + H 2 reactions. In this chapter, we present a much detailed calculations on the vector correlations of this collision reaction.
Methodology and theory 2.1 Quasi-classical trajectory calculations
The QCT calculation method is the same as that in Refs. [38] [39] [40] [41] [42] . Six-order symplectic integration was used in the QCT calculations, in which the classical Hamilton's equations are integrated numerically for motion in three dimensions. In a given Hamiltonian system whose Hamiltonian can be partitioned, i.e., written as H = T(p) + U(q), we define the derivative terms in the Hamiltonian movement equations as / hq H p ii   for the generalized momentum, and / hp H q ii   for the generalized coordinates; let dt be the full time step. The algorithm can be expressed as [42] do i = 0, 1, 2, . . . , n -2, n -1 p = p + dta(2i)hp q = q + dta(2i + 1)hq enddo p = p + dta(2n)hp.
(1)
The last step can be concatenated with the first step in a continuing calculation. Then there are 2n substeps in every step, where n is 8 for six-order symplectic integrator. Thus, the number of the calling to the potential derivatives is also n. The coefficients are defined by 2n + 1 values of a(i), which is taken directly from Ref. [43] [44] Where the one-body term V (1) defines the zero of energy as the three-atom limit and the twobody terms (2) V NH and
(2) V HH represent the energy of H + NH and N + H 2 , respectively. The two-body functions are interpolated from separate calculations of the two-body potentials using the reciprocal power radial kernel. The three-body function
in the coordinate system is interpolated from the differences between the ab initio data and the corresponding one-and two-body sums. During reactive encounter, the total angular momentum is conserved
where L and L' are the reagent and product orbital momenta, respectively. In the mass weighted coordinates, the rotational angular momentum (AM) of reagent molecule H 2 is
and reagent orbital AM is
Accordingly, the product rotational AM is
and the product orbital AM is
Where r  and p  are reagent and product reduced masses, respectively. The Hamilton's motion equation is solved by the symplectic integration method. The accuracy of the numerical integration is verified by checking the conservations of the total energy and the total angular momentum for every trajectory. In the calculation, batches of 1×10 5 trajectories are run for each reaction and the integration step size is chosen to be 0.1 femtosecond (fs). The trajectories start at an initial distance of 15 Å between the N atom and the center of the mass of the H 2 molecules. The impact parameter b is optimized through the repeated computation with 1×10 5 trajectories for all of the present studies. The maximum impact parameter b max was obtained when there is no reactive trajectory any more, if a tiny larger value of b is done. All the optimized maximum impact parameters used for the present study are displayed in Table 1 .
Polarization-dependent differential cross-sections (PDDCSs)
The CM frame was used as the reference frame in the present work, which is depicted in Figure 1 . The reagent relative velocity vector k is parallel to the z-axis. The x-z plane is the scattering plane which contains the initial and the final relative velocity vectors, k and k'. θ t is the angle between the reagent relative velocity and product relative velocity (so-called scattering angle). θ r and r  are the polar and azimuthal angles of the final rotational angular momentum j. The distribution function () P r  describing the k-j correlation can be expanded in a series of
where [] 2 1 kk  . The 0 k a coefficients are given by
Fig. 1. Center-of-mass coordinate system used to describe the k, k' and j' correlations.
The expanding coefficients 0 k a are called orientation (k is odd) and alignment (k is even) parameters. The dihedral angle distribution function () P r  describing k-k-j correlation can be expanded in Fourier series as [38-41] 
this calculation, the polarization parameter is evaluated as
In the calculation, ( convergence.
The full three-dimensional angular distribution associated with k-k-j correlation can be represented by a set of generalized polarization-dependent differential cross-sections (PDDCSs) in the CM frame. The fully correlated CM angular distribution is written as
Where the angles , tt t 
The PDDCS is written in the following form:
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where the 1 k S kq is evaluated by using the expected value expression to be
where the angular brackets represent an average over all angles. The differential crosssection is given by
The bipolar moments 1 (, 0 ) 1 0 k hk are evaluated by using the expectation values of the Legendre moments of the differential cross-section and expressed as
The PDDCS with q = 0 is presented by
where 1 0 k S k is evaluated by the expected value expression and given as
Many photon-initiated bimolecular reaction experiments are sensitive to only those polarization moments with k = 0 and k = 2. In order to compare calculations with experiments, PDDCS 00 ( 2 00
   , and PDDCS 21-
 are calculated. In the above calculations, PDDCSs are expanded up to k 1 = 7, which is sufficient for good convergence.
Results and discussion

The k−j' vector correlation
The product () P r  distribution describes the k−j' vector correlation with k·j'=cos(θ r ). Figure 2 displays the calculated () P r  distributions of NH products from the N( 2 D) + H 2 → NH + H reaction at collision energies E c = 2.0, 3.8, 5.1, 7.0, 9.0, and 11.0 kcal/mol. It is clear that the () P r  distribution peaks at r  = 90°, and exhibits a very good symmetry with respect to 90°. This indicates that the product rotational angular momentum vector (j') is aligned along the direction at right angle to the relative velocity direction (k). With the collision energy increasing, the peak at r collision energy weakens the product rotational alignment. However, there is a very tiny exception that the () P r  peak at r  = 90° at 11.0 kcal/mol is a little bit smaller than that at 9.0 kcal/mol. The location and height of the barrier of the PES is related with the entrance and exit channels, which may be the reason of this tiny disagreement. Figure 3 shows the  distributions at collision energy of 5.1 kcal/mol. As clearly shown in Fig. 3 , the higher the rotational excitation is, the smaller the () P r  peak at r  = 90°. This indicates that the reagent rotational excitation depresses the product rotational alignment. when collision energy is 2.0 kcal/mol, which disappear in higher collision energies. The peaks at r  = 270° for the higher collision energies are larger than that for the collision energy E c = 2.0 kcal/mol, with the largest peak situated at the collision energy E c = 5.1 kcal/mol. However, the peaks at r  = 90° have no large change with the collision energy increasing. Therefore, we can conclude that the most NH product rotational angular momentum tend to align along the direction of y axis which is perpendicular to the scattering k−k' plane, and orientate along the negative directions of y axis. That is to say, the product molecules prefer a counterclockwise rotation (see from the negative direction of y axis) in the plane parallel to the scattering plane. 90°. This indicates that the product rotational orientation becomes weaker when the reagent is excited to a higher rotational state. (Fig. 4 ) distributions for this concrete reaction. Similar things can be found for other specific reactions. The atom (A) and diatomic molecule (BC) collision interaction can be described qualitatively by "Impulse model", [45] which applies the Newtonian mechanics and consider energy (e.g. endothermic translational, internal (rotational and vibrational), repulsive, and attractive energies) and momentum conservation. The QCT method simulates such interaction or reaction in the time domain step by step (time step, e.g. 0.1 fs) along each trajectory, where the energy and momentum conservations must be controlled from one step to the next step.
The
Based on this impulsive model proposed for an A + BC → AB + C collision system in previous works, in the present system, the product angular momentum vector j' can be written as =++ m m B AB 22 sin β cos β  jL j J 1 . Here L is the reagent orbital angular momentum and j is the reagent rotational angular momentum.
with AB r and CB r being the unit vectors and B pointing to A and C, respectively, μ BC is the reduced mass of the BC molecule and E r is the repulsive energy between B and C atoms. 2 cos β is the mass factor. With respect to the scattering plane, the first and second terms are symmetric terms, and thus the preferred direction of the product angular momentum is determined only by the third term of m / m B AB J 1 , which is eventually traced back to the impulsive energy E r of the collision system. As a consequence, we can say that the impulsive energy E r leads to the preferred direction of the product angular momentum vector. At a low collision energy of 2.0 kcal/mol, it seems that this effect of impulsive energy is not so evident, but it becomes more effective as collision energy increases, thus leading to the more preference for the counterclockwise rotation in the planes parallel to the scattering plane (Fig. 4) . In the case of reactions for the reagent rotational excitation at collision energy of 5.1 kcal/mol, the alignment and orientation becomes weaker with the higher reagent rotational excitation. It is possibly because the rotational excitation weakens the impulsive energy E r . However, the effect of collision energy and rotational excitation on the product rotational alignment and orientation is not always monotonic. As discussed in previous vector correlation studies, the product rotational alignment and orientation is also largely affected by the PES. [46] [47] Therefore, the non-monotonic variety of the product alignment and orientation may be resulted by the PES.
The PDDCSs distributions
The generalized PDDCSs describe the k-k'-j' correlation and the scattering direction of the product molecule. Figure 7 shows the calculated results of the PDDCSs for the N( 2 D) + H 2 (v=0, j=0) → NH + H reaction under collision energies of 2.0, 3.8, 5.1, 7.0, 9.0, and 11.0 kcal/mol. The PDDCS 00 is simply proportional to the differential cross-section (DCS), and only describes the k-k' correlation or the product angular distributions. Figure 7a plots the PDDCS 00 as a function of scattering angle t θ for the above reaction. Apparently, the PDDCS 00 shows a large peak at about t θ = 180° and a tiny peak at about t θ = 0° for the collision energy E c = 2.0 kcal/mol, which means that the NH product angular distribution is almost the backward scattering. With the collision energy increasing, it shows a decreasing behavior for the peak at about t θ = 180°, but a monotonously increasing behavior for the peak at t θ = 0°. This indicates that the product angular distribution changes from the backward scattering to the both backward and forward scattering. Up to the collision energy E c = 11.0 kcal/mol, both of the peaks at about t θ = 180° and 0° are nearly the same magnitude, which means that the NH product angular distribution is equally backward and forward scattering in the reaction. These results are in good agreement with recent exact QM results by Lin et al. [30] . The asymmetry in DCS was ascribed to the contributions of the fast insertion component of the reaction and the abstraction channel. The PDDCS 20 is the expectation value of the second Legendre moment (cos ) 2 P r    and contains the alignment information of j' with respect to k. As shown in Fig. 7b , the behaviour of the PDDCS 20 distribution demonstrates an opposite trend to that of PDDCS 00 and obviously depends on the scattering angle θ t . It can be clearly seen from Fig. 7b that the PDDCS 20 values are negative for both backward and forward scatterings, but they are close to zero for sideways scattering. These results suggest that the j' polarizes preferentially along the direction perpendicular to k when the products are scattered forward and backward. This is consistent with the product alignment prediction from the P( ) θ r distribution shown in Fig.   2 . Figure 7c and d illustrate the PDDCSs distributions with q ≠ 0. All of the PDDCSs with q ≠ 0 are equal to zero at the extremities of forward and backward scattering. The PDDCS 22+ value is positive or negative, depending on the preference of j' alignment along the x axis or y axis. It can be seen from Fig. 7c that the PDDCS 22+ values of the N( 2 D) + H 2 (v=0, j=0) → NH + H reaction at collision energies of larger than 2.0 kcal/mol are negative for all scattering angles, which indicates that the alignments of the NH products prefer to be along the y axis. However, for the N( 2 D) + H 2 (v=0, j=0) → NH + H reaction at 2.0 kcal/mol, the PDDCS 22+ values are positive in the ranges of θ t =30°~73°, 83°~98°, and 140°~180°, with two largest positive peaks at θ t = 55° and 155°, respectively. These two positive peaks are corresponding with the () P r  distributions (Fig. 4) in which there have two medium peaks at about (,) rr   = (90°, 0°) and (,) rr   = (90°, 180°) for the 2.0 kcal/mol collision energy.
This demonstrates that the product j' alignment is not only along the y axis, but also along the x-axis. The PDDCS 21-is related to sin 2 cos rr    , and its distribution is depicted in Fig.   7d . As shown in Fig. 7d , the PDDCS 21-distribution shows a strongest polarization at about t  = 159° for the N( 2 D) + H 2 (v=0, j=0) → NH + H reaction at 2.0 kcal/mol collision energy.
Correspondingly, the PDDCS 21-distributions show a medium polarization for collision energies of 3.8 and 5.1 kcal/mol at respect t  = 144° and 140°, and a weak polarization for collision energies of 7.0, 9.0, and 11.0 kcal/mol corresponding with t  = 83°, 26°, and 18°.
These results indicate that the product angular distributions are anisotropic for the N( 2 D) + H 2 (v=0, j=0) → NH + H reaction under each collision energy. The polarization degree becomes weaker with the increasing collision energy. Figure 8 shows the rotational excitation effect on the PDDCSs distributions for the N( 2 D) + H 2 (v=0, j=0-5) → NH + H reactions at the 5.1 kcal/mol collision energy. As depicted in Fig. 8a , with the increasing rotational excitation, the peak at about t  = 180° for the PDDCS 00 distribution becomes weaker, but stronger for the peak at about t  = 0°. These results means that the rotational excitation leads to the product angular distribution changing from the backward scattering to the both backward and forward scattering. The PDDCS 20 distributions in Fig. 8b show negative values in both of the backward and forward scatterings, but they are close to zero for the sideway scatterings. These results suggest that the j' polarizes preferentially along the direction perpendicular to k, which is consistent with the product P( ) θ r distributions in Fig. 3 . The PDDCS 22+ values are negative for all scattering angles, meaning the alignments of the NH products prefer to be along the y axis. As can be seen from Fig. 8c , the rotational excitation diminishes the PDDCS 22+ peak, implying that the rotational excitation weakened the product alignment. The PDDCS 21-distribution has two largest peaks for the N( 2 D) + H 2 (v=0, j=0) → NH + H reaction at t  = 15° and 140°. However, no distinct large peaks were found in the PDDCS 21-distribution for other rotational excited reactions. These characteristics illuminate that the rotational excitation reduce the anisotropy of the product angular distribution. 
Rotational alignment parameter (2) A 0
A simple way to express the degree of product rotational polarization of j' can be through the CM frame alignment parameter A)
, which is also a usual and common parameter measured in vector correlation experiments.
[1] In this expression, the brackets denote an average over the distributions of j' with respect to K. The product rotational alignment parameter (2) A 0 has also been calculated at the present work, which is shown in Table 1 . It can be seen from the (2) A 0 expression that, for j' parallel or antiparallel to K, ) ( 2 P    j K =1 and then the alignment parameter takes the value (2) A 0 = 2, while for j' perpendicular to K,
(2) A 0 = -1. The values of the alignment parameter discussed above are limiting cases that represent the maximum possible alignment. In general, these parameters take values of small magnitude, which indicates a distribution that tends toward one of the above limits. If all alignment parameters are zero, the j' distribution is isotropic about K. All of the (2) A 0 values displayed in Table 1 are negative, which means that most of the product rotational angular momentum j' tend to be perpendicular to K. For the N( 2 D) + H 2 (v=0, j=0) → NH + H reactions at collision energies of 2.0, 3.8, 5.1, 7.0, 9.0, and 11.0 kcal/mol, the (2) A 0 value becomes larger with the collision energy increasing. For the N( 2 D) + H 2 (v=0, j=0-5) → NH + H reactions at the collision energy of 5.1 kcal/mol, the (2) A 0 value also becomes larger with the rotational excitation increasing. These trends imply that both of the increasing collision energy and reagent rotational excitation depress the product rotational alignment. This is in good consistent with the the () P r  distributions (Fig. 2 and 3 ). 
Conclusion
In this chapter, we presented a detailed vector correlation study on the N( 2 D) + H 2 (v=0, j=0-5) → NH + H reaction at collision energies of 2.0, 3.8, 5.1, 7.0, 9.0, and 11.0 kcal/mol. Three angular distributions () P r  , () P r  , (,) P r r   , and four PDDCSs were computed by the QCT method with a six-order symplectic integration. Under an accurate 1 2 A state PES, batches of 100, 000 trajectories were running for the investigated reactions. It was found that the () P r  distribution has a large peak at about r  = 90°, meaning that the product angular momentum j' is aligned perpendicular to k. With the collision energy increasing, for the N( 2 D) + H 2 (v=0, j=0) → NH + H reactions, the product rotational alignment becomes weaker due to the reduction of the () P r  peak at about r  = 90°. Similarly, the rotational excitation also demonstrated a reducing behaviour for the product rotational alignment in the reactions of N( 2 D) + H 2 (v=0, j=0-5) → NH + H at 5.1 kcal/mol. However, the increasing collision energy enhanced the peak at about r  = 270°, demonstrating that the product rotational orientation was enhanced by the increasing collision energy. For the N( 2 D) + H 2 (v=0, j=0-5) → NH + H reactions at 5.1 kcal/mol, the rotational excitation reduced the () P r  peak at about r  = 270°, and therefore depressed the product rotational orientation.
The ( , ) P r r   distributions was in consistent with the () the low collision energy of 2.0 kcal/mol, the PDDCS 00 shows a large peak at about θ t = 180° and a very tiny peak at about θ t = 0° for the N( 2 D) + H 2 (v=0, j=0) → NH + H reaction, which indicates that the product angular distribution is the backward scattering. As the collision energy increasing, the product angular distribution changes from the backward scattering to the both backward and forward scatterings. Similar behavior was found for the rotational excitation which also leads to the product angular distribution changing from the backward scattering to the both backward and forward scatterings. The PDDCS 20 shows an opposite distribution to the PDDCS 00 . The PDDCS 22+ values in the investigated reactions are negative except for the N( 2 D) + H 2 (v=0, j=0) → NH + H reaction at 2.0 kcal/mol, meaning that most of the product angular momentum j' prefer to align along the y axis. This alignment was reduced by both of the increasing collision energy and rotational excitation. For the PDDCS 21-distribution, the collision energy increasing and reagent rotational excitation decreased the largest peaks, which indicate that the product rotational polarization is anisotropic. This anisotropic distribution was weakened by the rotational excitation and increasing collision energy. The calculated
(2) A 0 values reflect that the product rotational alignment is perpendicular to k, which is consistent with the aforementioned () P r  distributions.
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